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Rhodamine Derivatives
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ABSTRACT We investigated the use of rhodamine 123 (R123), tetramethylrhodamine methyl ester (TMRM), and tetrameth-
ylrhodamine ethyl ester (TMRE) as fluorescent probes to monitor the membrane potential of mitochondria. These indicator
dyes are lipophilic cations accumulated by mitochondria in proportion to AW. Upon accumulation, all three dyes exhibit a red
shift in both their absorption and fluorescence emission spectra. The fluorescence intensity is quenched when the dyes are
accumulated by mitochondria. These properties have been used to develop a method to dynamically monitor AW of isolated
rat heart mitochondria using a ratio fluorescence approach. All three dyes bound to the inner and outer aspects of the inner
mitochondrial membrane and, as a result, were accumulated by mitochondria in a greater quantity than predicted by the
Nernst equation. Binding to mitochondria was temperature-dependent and the degree of binding was in the order of TMRE >
R123 > TMRM. The internal and external partition coefficients for binding were determined to correct for binding in the
calculation of AW. All three dyes suppressed mitochondrial respiratory control to some extent. Inhibition of respiration was
greatest with TMRE, followed by R123 and TMRM. When used at low concentrations, TMRM did not suppress respiration.
The use of these dyes and ratio fluorescence techniques affords a simple method for measurement of AV of isolated
mitochondria. We also applied this approach to the isolated perfused heart to determine whether A¥ could be monitored in
an intact tissue. Wavelength scanning of the surface fluorescence of the heart under various conditions after accumulation
of TMRM indicated that the mitochondrial matrix-induced wavelength shift of TMRM also occurs in the heart cytosol,
eliminating the use of this approach in the intact heart.

INTRODUCTION

Numerous types of indicator molecular probes and methodgquantitation ofAW. This binding causes apparent deviations
have been used to estimate the electrical potential across tfi@m Nernstian behavior, and leads to an enhanced mito-
inner mitochondrial membran&¥). Many of these probes chondrial accumulation (LaNoue et al., 1986; Rottenberg,
can be classified as lipophilic cations or “redistribution 1984). Binding can be separated into two components that
dyes.” These compounds accumulate in the mitochondrighre A¥-dependent andW-independent.
matrix because of their charge and solubility in both the R123 has been used in humerous investigations to esti-
inner mitochondrial membrane and matrix space. Safraninghate AW, stain mitochondria, and monitor movement of
(Akerman and Wikstrom, 1976; Nicholls, 1978), tetraphe-mjtochondria in cells (Emanus et al., 1986; Millot et al.,
nylphosphonium (TPP) (LaNoue et al., 1986; Rottenbergggg4; Salmeen et al., 1985). R123 has been shown to inhibit
1984; Kamo et al., 1979; Demura et al., 1985) and rhodathe mitochondrial FF,-ATPase (Modica-Napolitano and
mine 123 (Emanus et al.,, 1986) are members of this clasgpyyille, 1987), although Emanus et al. (1986) reported that
Several review articles have summarized the use of thes@e innibition of mitochondrial respiration was not signifi-
and other indicators (Chen, 1988; Smith, 1990). In many.,n¢ with R123 concentrations below.M. More recently,
cases, the distribution of the free dye across the ir_meﬁ'MRM (tetramethylrhodamine methyl ester) and TMRE
membrane has been shown to fol]ow the N.erns.t equatlon(tetramethylrhodamine ethyl ester), two fluorescent deriva-
For these probes to be useful in the estimation\f, tives of R123, have been used to quantita® by fluores-

several criteria must be_met. Thgy shoulld be innocuou%ence imaging (Loew et al., 1993; Ehrenberg et al., 1988).
(g.g., not cause |oss of mitochondrial f“”C“Or.‘ and/or dep|e=I'hese studies indicated that these fluorescent dyes exhibit
tion of A¥) and the compound must be easily detected tqow binding to mitochondria

estimate the distribution across the inner membrane. Many In this regport we describe.the use of the fluorescent dyes

of these probes, however, exhibit significant binding to . .
mitochondria, which complicates their use for accurateR_123’ TMR_M’ and TMRE to _determmA‘If of |s_oI§1ted .

mitochondria. All three dyes displayed a red shift in their
excitation and emission fluorescence spectra upo+
driven mitochondrial uptake. The extent of the wavelength
Received for publication 31 March 1998 and in final form 28 Septembershift was used to determine the distribution of the dye across
1998.
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to correct the observed accumulation of dye by mitochonTMRM, TMRE, and R123 were conducted at the same temperature used
dria. These coefficients were used to establish a method tférT'r'lﬂcgﬁ/lat'%;fEm'tozhg‘ldzféa- dissoved | ool and used d
quantitateAW using ratio fluorescence measurements. ' > an were dissolved In methanol and used di-

. . . rectly. The methanol concentrations in all incubations of mitochondria
. To dEtermme.WhEther this method could be used in th%vere kept t0<0.5% (v/v). TMRM and TMRE were obtained from Mo-
intact heart the isolated perfused rat heart was loaded witlacular Probes (Eugene, OR). R123 and all other chemicals were from
TMRM. Maneuvers expected to collapaal in the heart, Sigma Chemical Co. (St. Louis, MO).
however, did not cause a spectral shift in the surface fluo- Fluorescent measurements of mitochondria and extracts were made
rescence of TMRM. It is proposed that the spectral shiff"smg a SPEX Fluoromax fluorometer using a 90° excitation and emission

. . . . optical path and a water-jacketed cuvette holder. The excitation and emis-
caused by mitochondrial accumulation also occurs in rakjon slits were 0.5 mm, to yield a bandpass~e2.1 nm. The activity of

heart cytosol, prohibiting the use of this ratio technique in*H-TPP in samples was determined using a Beckman LS6000 scintillation
determining the cytosolic-to-mitochondrial gradient of counter in the auto DPM mode.

TMRM in intact heart.

Estimation of binding partition coefficients

METHODS As discussed in Results, TMRM, TMRE, and R123 were found to bind to
. Lo . . . mitochondria, causing an apparent deviation of M-dependent accu-
Mitochondrial isolation and incubation mulation of these probes from that predicted by the Nernst equation.

Rottenberg (1984) and LaNoue et al. (1986) described the binding of TPP
to mitochondria using a model in which the degree of binding to the outer
Mnd inner aspects of the inner membrane can be expressed using two
artition coefficients. In the terminology of LaNoue et al. (1986), these
rst-order coefficients for binding to the outer and inner components of the
inner mitochondrial membrane akg, andK;, respectively. In application

of this model, the total accumulation of TMRM by mitochondria is the sum

of four components; dye bound to the inside, dye bound to the outside, dye
ee outside the mitochondria and in the intermembrane space, and dye free
n the matrix. This summation is expressed as follows.

Mitochondria from rat heart were isolated as described previously (Sca
duto, 1994). Incubations were conducted at either 28 or 37°C in a mediu
composed of 135 mM KCI, 20 mM MOPS, 5 mM,KPQ,, and 5 mM
MgCl, at pH 7.00. Substrates were added as indicated in the figure Iegendg
Incubations also contained either R123, TMRM, or TMRE at concentra-
tions indicated in the figure legends. In some experimetistetraphe-
nylphosphonium (TPP, 200Ci/umol, 0.05u.M) was added along with the
fluorescent dye. In experiments designed to set the membrane potenti
with potassium and valinomycin, mitochondria were incubated at either 28;
or 37°C in media composed of 200 mM sucrose, 20 mM mannitol, 20 mM

Hepes, and 1 mM EDTA at pH 7.00. Concentrations of potassium were [TI\/IRM] — K‘(TMRM) + K (TMRM) 1
added as described in the figure legends. ! ' m ° ° ( )
Mitochondrial oxygen consumption was determined at 28°C in a water- +Vim(TM RM)O + Vm(TMRM)m

jacketed vessel fitted with a Clark electrode and a stirring apparatus. The

respiratory control ratio (state 3/state 4 respiratory rate ratio) of all prepyyhere [TMRM], is the total mitochondrial accumulation (in units of

arations was determined and preparations with control rati®svere not nmol/mg),K; andK, are the partition coefficients (in units pfi/mg), V.,

used. Isolated mitochondria were kept at 4°C and used wihh after  angy are the volumes of the intermembrane and matrix spaces (in units

isolation. of ul/mg), respectively, and (TMRM)and (TMRM),, are the concentra-
tions of free TMRM outside (i.e., in the media) and inside the matrix (in
units of nmolfl). As will be shown, the last two terms of this summation

Isolated perfused rat hearts can be ignored since the volume of these spaces is insignificant relative to
K; andK,. V;,, andV,, have been determined in numerous studies and are

Isolated rat hearts were perfused at a constant aortic pressure of 60 mmHggnerally found to be within the range of 1 tou®mg. Upon simplifica-

using the Langendorff procedure as described previously (Scott et altjon,

1994). Surface fluorescence of the heart was measured using the excitation

source from a SPEX Fluoromax fluorometer and a detection system de- [TMRM]; = K(TMRM),,, + K,(TMRM),, 2

signed in this laboratory. Excitation light was transmitted from the Flu-

oromax to illuminate the left ventricle of the perfused heart using a liquid T0 determine the value oK; and K, for TMRM, mitochondria were

light guide. The emitted fluorescence was collected using a silica fiberoptidncubated under conditions in which 1) the membrane potential was col-

bundle and was directed to a photomultiplier tube operating in the photori@psed, and 2) when it was set to a fixed value using a potassium diffusion

count mode (Hamamatsu R2560). An interference filter (610 nm center, 1potential in the presence of valinomycin. In the absence of a membrane

nm bandpass) was placed in front of the photomultiplier to select thePotential,

emission wavelength. Details of this instrument have been described pre-

viously (Scott et al., 1994). (TMRM), = (TMRM),, (3

Upon substitution, the total accumulation under this condition is a function
. of the media concentration and the sum of the two partition coefficients.
Reagents, chemicals, and

fluorescence measurements [TMRM]; = (K; + Ko)(TMRM), (4)

TMRM and TMRE were found to bind significantly to polystyrene, but not To determine the total bindind( + K,), mitochondria were incubated in

to glass, acrylic, or polypropylene. All experiments in this work were a KCl-based media in the presence of valinomycin and CCCP, to collapse
performed using fluorometer cuvettes constructed of either glass or acrylia¥, and with a varying initial concentration of TMRM. A plot of
and pipette tips constructed of polypropylene. The fluorescence of thesfFMRM], vs. (TMRM), at equilibrium yields a slope having the value of
indicators was also found to be temperature-dependent. Relative to th@; + K,) (not shown). In these experiments, TMRM was incubated with
intensity measured at 22°C, the observed fluorescence emission of TMRMeenergized mitochondria (3 mg/ml) for 1 min at 28°C before centrifuga-
at 590 nm decreased by 12.5 and 37.1% when excited at 550 nm antibn. Equilibrium was attained within this time frame since similar data
measured at 28 and 37°C, respectively. For this reason, all assays @fere attained after a 5-min incubation (not shown). This line of experi-
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mentation was repeated with incubations conducted at 37°C and witfpy mitochondria causes considerable fluorescence quench-

TMfEda”d R_123-h ividual bt i 4k mitoch ing and a red shift in both the excitation and emission
_To determine the individual partition coefficiertts andK,, mitochon- - g0ty m The spectra obtained following CCCP addition

dria were incubated in the presence of a known membrane potential. Under . . .

these conditions, (TMRM) is considerably greater than (TMRMpt ~ Were identical to.those qf the supgrnatant foII(')wmg'removaI

equilibrium, and the accumulation of TMRM is almost entirely due to the Of the deenergized mitochondria by centrifugation (not

first term of the above summation (Eq. 1). Under these conditions, theshown), indicating that CCCP caused complete release of

above two-term summation (Eq. 2) can be arranged to the followingihe dye from mitochondria. Spectra obtained from deener-

equation. gized mitochondria were the same as spectra of TMRM in
[TMRM]; = (K, + ZK)(TMRM), (5)  solution in the absence of mitochondria. When the differ-
A ence in the excitation spectrum between the coupled and
wnere

uncoupled state was determined (Fig. 2), 546 and 573 nm
Z = (TMRM),/(TMRM), (6) appeared as the wavelengths of maximal difference. The
, S S spectra obtained using TMRM, as well as the response to
This relationship indicates that upon energizing (i.e., wier 1), the uncoupling were indistinguishable from those obtained us-
accumulation of TMRM is augmented yW-driven accumulation of the . ’
dye. SinceZ has the same value for any monovalent cation at equilibrium,mg TMRE (nOt ShOWh)..
the value ofZ was set to a know quantity by incubation of mitochondriain ~ 1he spectral properties of R123 and the effect of CCCP
media containing either 0.5 or 2.0 mM potassium in the presence ofvere also examined. The spectra of R123 were strikingly
valinomycin. Under these conditions, similar to the spectra of TMRM and TMRE, except that the
Z = (K"),J(K")y = (TMRM),/(TMRM). (7)  wavelengths of maximal excitation and emission were blue-
shifted (not shown). In coupled mitochondria, the excitation
Fig. 1 illustrates the results of typical experiments with mitochondria gnd emission Wavelengths of peak intensities of R123 were
incubated with varying initial concentrations of TMRM at 28°C and at : P :
37°C. The value for (K),, was taken to be 120 mM (Akerman and 5.10 and 534 ”m’ .reSpeCtIVEIy' Upon deenerglzmg with
Wikstrom, 1976; Sakanoue et al., 1997; Rossi and Azzone, 1969; Reers gtlther CCCP or dlmtmpher_“o" the;e WaVE|e_ngthS Shlfteq to
al., 1991). Similar incubations were conducted using TMRE and R123500 and 526 nm. The maximum difference in the excitation
With knowledge ofZ, (Z K; + K,), as in Fig. 1, andK; + K,), determined  spectra between the coupled and uncoupled state with rho-

under deenergized conditions, bdthandK, were calculated. damine 123 occurred at 497 and 520 nm. These spectra
obtained with rhodamine 123 were essentially identical to
RESULTS those obtained previously by Emanus et al. (1986).
) Fig. 3illustrates the change in the fluorescence intensities
Properties of TMRM, TMRE, and R123 at 546 and 573 nm excitation, as well as the 573/546

Fig. 2 illustrates the fluorescence spectra of TMRM when€Xcitation fluorescence ratio, as a function of time as mito-
incubated in the presence of rat heart mitochondria and aftéfondria are progressively deenergized by increasing con-

addition of the uncoupler CCCP. Accumulation of TMRM centration of dinitrophenol in the presence of TMRM. These
data illustrate that the intensity at both wavelengths re-

sponds to DNP and that gradual uncoupling causes an
increased proportion of the dye to be released by mitochon-
dria. These changes are in accordance to those expected as
a result of changes iAWY and the associated wavelength
28°C shift as TMRM is released by mitochondria.

37°C We reasoned that since mitochondrial accumulation of
TMRM (and of TMRE and R123) is dependent &, it

e
®

o
(=2
T

[TMRM], (nmol/mg)
'S

0.2 F should be possible to utilize this wavelength shift to esti-
r mateAW. Note that the magnitude of the change in the ratio
o e (~2.1-fold) is much greater than the change in the intensity
0.0E+00  5.0E-05  1.0E-04  1.5E-04  2.0E-04 measured at each of the individual wavelength$Q% at
(TMRM), (nmol/pl) 546 nm). Thus, the use of a signal ratio yields a measure-

ment proportional taAAW that has a wider dynamic range
FIGURE 1 Binding of TMRM by energized mitochondria. Mitochondria than the signal obtained using a single wavelength. More-

(0.25 mg/ml) were incubated in sucrose-based media containing 0.5 m\yer the use of a ratio would make the method less sensitive
potassium, as described in Methods, and either 0.167, 0.25, or Q433

TMRM at 28°C fop line, circle3 and at 37°C lfottom line, triangle)s to f'Iucftuatlons in dye concentration and the fluorometer
Valinomycin (20 nM) and rotenone (kg/mg) were also added to set a €XCltation energy.

potassium diffusion potential. Reactions were started by the addition of

mitochondria. After 30 s, mitochondria were removed by centrifugation

and the residual amount of TMRM in the media was calculated by fluo-

rescence assay of the supernatant. The data illustrate the amount of TMREstimation of binding partition coefficients

associated with the mitochondria as a function of the residual amount of .

TMRM in the media at equilibrium. Shown are the mearSE from four T etraphenylphosphonium (TPP) and related compounds
incubations at each concentration of TMRM. have been used extensively for estimatio\df. Measure-
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FIGURE 2 Fluorescence spectra of |ILINLINLINE I LN L I I B O 100

TMRM-loaded mitochondria. Mitochon- e ~.

dria (0.5 mg/ml) were incubated with ’ -
TMRM (0.5 uM) in media containing 10
mM glutamate and 5 mM malate as sub-
strates. The excitation spectra were
scanned using 590 nm emission and the
emission spectra were scanned using 560
nm excitation $olid lineg. Two minutes
after the initial scan of energized mito-
chondria, CCCP (0.nM) was added and
the scans were repeatedofted line$.
The top traces illustrate the difference
spectra between the control and CCCP-
treated mitochondria (i.e., energized con-
trol-CCCP) @lashed lines The maxi- 100
mum differences in the excitation spectra

occurred at 546 and 573 nm. All excita- 0 Lovvad v et bvron b e by bagag bt
tion scans were corre(;ted fo‘r W_avelength— 520 530 540 550 560 570 580 590 600 610
dependent changes in excitation energy

using a reference photometer. Wavelength (nm)
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ment of AV based on the uncorrected distribution of TPP, TPP across the inner mitochondrial membrane (LaNoue et
however, overestimate$SW¥ due to binding of TPP to mi- al., 1986).

tochondrial membranes (LaNoue et al., 1986; Rottenberg, To directly compare the properties of TMRM with those
1984; Demura et al., 1985). The accumulation of free TPRf TPP, rat heart mitochondria were incubated in the pres-
in the mitochondrial matrix is in accordance with the Nernstence of both TMRM ancH-TPP during titration ofAW
equation. AW can be estimated from the observed totalwith DNP. Low concentrations of DNP stimulate electron
accumulation of TPP by mitochondria if this binding is transport and decreagsel and NADH (Scaduto, 1994) to
taken into account in the quantitation of distribution of freelevels that remain fairly stable for periods of several min-
utes. After a 2-min incubation with DNP, mitochondria
were removed from the media by centrifugation (15,0600

g) and the residual TPP and TMRM in the supernatant were
determined by scintillation counting and fluorescence assay
measurements, respectively.

As shown in Fig. 3, low concentrations of DNP generated
discrete distributions of TMRM across the mitochondrial
membrane as indicated by the stable fluorescence intensities
and intensity ratio at each concentration of DNP. With
knowledge of the initial amount of TMRM anéH-TPP
N ; added to the media before addition of mitochondria, the

accumulation of these two lipophilic cations could be di-
O~ : rectly compared under conditions in which thel was
° 2 4 6 8 10 lowered to several steady-state levels using DNP. Fig. 4
Minutes illustrates the relative accumulation 8H-TPP by mito-
FIGURE 3 Response of TMRM fluorescence to mitochondrial deener—Chondna plotted as a funCFIOI‘_l of the relative aCCL.Imwatlon
gizing by dinitrophenol. Rat heart mitochondria (0.5 mg/ml) were incu- of TMRM. The slope of this line indicates that mitochon-
bated at 28°C. The lower two traces indicate the fluorescence intensit@rial accumulation, and hence the degree of mitochondrial
measured at excitation wavelengths of 546 and 573 nm using an emissidoinding, of TMRM is ~3-fold greater than the accumula-
detection wavelength of 590 nm. The top trace indicates the ratio betweefion of TPP. The fact that this relation is linear illustrates

these signals. The first arrow illustrates the addition of TMRM (@\2) to P _
the suspension. The second arrow indicates the addition of the substrates E'Bat bmdmg of TMRM and the effect af'¥’ can be evalu

mM glutamate and 5 mM malate. Subsequent arrows indicate the additioRt€d U_Sin_g an app_roach used prev_iou_sly for evaluatic_m of
of dinitrophenol (DNP). Dinitrophenol additions yielded final concentra- TPP binding. That is, the extent of binding can be predicted
tions of 2.5, 5, 7.5, 10, 12.5, 17.5, and 22.41. Note that before the  based on the concentration of free dye in the matrix and the
addition of substrates, the 573/546 ratio steadily declined, indicative Ofappropriate binding coefficients.

mitochondrial deenergizing and a redistribution of TMRM from mitochon- Th bindin nstants repr nt the binding d t
dria to the media. The accumulation of TMRM afforded by the addition of ese g constants represe e g due to

substrates was progressively decreased by the subsequent addition &f¥-independent and\W-dependent events, respectively.
dinitrophenol. Table 1 illustrates these partition coefficients for TMRM,

TMRM 4 0.7

l 1 0.6
573/546 7

| I
o ¢
E=N

573/546 Ratio

300

(Thousands)

200

100

Fluorescence Intensity
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and the fact that R123 is known to suppresses mitochondrial
respiration (Modica-Napolitano and Aprille, 1987), we in-
I vestigated the effects of TMRM, TMRE, and R123 on
5 coupled respiration. Fig. 5 illustrates the influence of
- TMRM, TMRE, and R123 on state 3 respiration rates of
mitochondria when incubated at 0.5 mg protein/ml. All dyes
- decreased rates of respiration as the concentrations of the
indicators were increased. Respiration was most affected by
- the presence of TMRE, whereas TMRM did not suppress
0 respiration until the concentration of indicator wa$.25
0 5000 10000 15000 20000 M. Rates of state 4 respiration were not affected by any of
[TMRM], / (TMRM), (kl/mg) the indicators in the concentration range tested, nor were
FIGURE 4 Relati tion of TPP and TMRM b e rates of uncoupled respiration (not shown). It is interesting
mitochondria. :Aﬁc:\éﬁoigfgm(l:)?omng?ml) wergnincubated v{?ﬂiirjriglze that the order of the degreg of inhibition by these probes
(0.05 uM) and with TMRM (0.5 uM) in media containing 10 mM (TMRE > R123> TMRM) is same as the order of the
glutamate and 5 mM malate as substrates. Also added was either 0, 1.2B)agnitude of their binding to mitochondria (Table 1). This
2.5, 5, 10, or 2QuM dinitrophenol to lower the membrane potential. Each suggests that the enhanced accumulation of these indicators

point represents incubations conducted with a different concentration o _ T : ‘L
DNP from 0 to 20uM (points fromright to left). After 30 s, the mito- By A¥-dependent binding may lead to their toxicity.

chondria were removed from the incubation media by centrifugation. The Changing the. P'?Ote'n Cpncemrat_'on n the _ incubation
remaining concentration GH-TPP and TMRM in the media was calcu- altered the sensitivity of mitochondria to inhibition of res-

lated from scintillation counting®d-TPP) or fluorescence assay (TMRM) piration. This arises because the amount of indicator accu-

of the supernatant after the removal of mitochondria. Plotted is the amount, 11ated by mitochondria at a given level Afl’ is depen-
of dye associated with the mitochondria, relative to the amount in media

(for *H-TPP vs. TMRM). Shown are the meanSE from four incubations dent upon both the initial amount of indicator employed and
at each concentration of dinitrophenol. The slope of this line is 0.4,the mitochondrial protein concentration (see Discussion). In
indicating a higher degree of TMRM uptake relative to the uptake of gther experiments, incubations were conducted at two mi-
*H-TPP. tochondrial protein concentrations and with lower concen-
trations of TMRM. As expected, incubations containing a
TMRE, and R123 at 28 and at 37°®&, and K, were lower concentration of mitochondria displayed greater sen-
determined as described in Methods. The data of Fig. Sitivity to TMRM (not shown). We observed that even at
illustrate the temperature sensitivity of mitochondrial bind- protein concentrations as low as 0.25 mg/ml, TMRM could
ing, which is reflected in the constants shown in Table 1. Asoe used at concentrations up to @Bl without causing an
expected from the data of Fig. 4, the value of the coeffi-inhibitory effect on state 3 respiration.
cients for TMRM are greater than the values determined
previously for TPP (LaNoue et al., 1986).

)
o]
(=]
o
(=]

T

[e2]

o

o

o
T

[TPP],/ (TPP), (ul/mg
N Py
(=) o
(=) (=]
(=) o
T T

Interference with coupled respiration g 100 -

As the initial concentration of TMRM is increased, the % 80 g

accumulation of TMRM by energized mitochondria departs < ;

from that expected (see Discussion). Because of this effect, § 60 ¢

TABLE 1 Binding partition coefficients for TMRM, TMRE, iig 20 ¢

and R123 "’O‘\ S N R
Temp. 0 5 10 15 20

Indicator (°C) K, K; Dye Concentration (uMolar)

TMRM 28 88 33

FIGURE 5 Effect of TMRM, TMRE, and R123 on mitochondrial res-
37 95 25 - . . ) - ; S
piration. Mitochondria (0.5 mg/ml) were incubated in media containing 20
TMRE 28 129 60 . . :
mM glutamate, 10 mM malate, and varying concentrations of either

37 170 28 TMRM, TMRE, or R123 at 28°C. Oxygen consumption was monitored as
R123 28 109 37 . . L [ .
37 120 26 described in Methods. State 3 respiration was initiated by addition of 1 mM

ADP. Each point represents the mearSE from three incubations. Each
The binding partition coefficients were determined as described in the textdye was tested using a different preparation of mitochondria. For compar-
Values represent the coefficients calculated using the slope parameteison, the data were normalized to 100% using the rate obtained in each
obtained from duplicate or triplicate experiments as described in the texpreparation in the absence of added dye. The initial 1200% rate for the three
and in the legend to Fig. 1. In all instances, these slope parameters differdthces were 381 15, 432+ 1374 = 2 natoms oxygen/min per mg for

by <5% from the average of replicate experiments. TMRM, TMRE, and R123, respectively.
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Procedure for calibration of the

sity at one excitation wavelength was determined. Thisg
measurement was used as an indication of the total dy@ 0.6
concentration using a standard curve made by serial diIutionﬁ
of TMRM in incubation media. Mitochondria and DNP 12&'3' 13‘0 155 1“10 1;5 “‘;0 15‘)5 1éo 16‘;5 1 o
were then added in the presence of substrates to attain discrete o 4
levels of AW. After a steady state had been reached, the Membrane Potential (mV)
fluorescence c(;f th% SESpenSIOH at ?OLh excitation Wave.lengt:ﬁGURE 6 Calibration of the mitochondrial TMRM fluorescence ratio
was meas_ure and the content; of the (.:uvette WEre IMMEQL; estimation ofAW. Mitochondria (0.25 mg/ml) were incubated in the
ately centrifuged to pellet the mitochondria. The fluorescencgresence of 0.3%M TMRM. The fluorescence of the media containing
of the supernatant was then determined to calculate (TMRM)TMRM was determined before addition of mitochondria. A low concen-
from a standard curve. From the initial fluorescence (beforération of DNP was added to each incubation, as described in the legend to
addition of mitochondria) and the fluorescence of the Super-Fig' 4. After 30 s the mitochondria were removed from the incubation
h f d k b itochondri media by centrifugation. The concentration of TMRM remaining in the
natant, the amount 0 ye .ta en “P y mitochondria Wa$hegia was calculated from a fluorescence assay of TMRM in the super-
calculated by subtraction. This value is converted to a per m@atant. The initial total amount of TMRM in the cuvette and the amount
basis to obtain the term [TMRM]The concentration of free remaining in the media were used to calculate the amount of TMRM
TMRM in the matrix, (TMRM),,, is then calculated from Eq. 2 associated with mitochondria (i.e., [TMRM] AV was calculated using
above AW was then estimated from (TMRN)and (TMRM), the binding constants at 28°C (Table 1) and the equation described in
. h . in th | | f h Results (Eqg. 2). Plotted is the observed fluorescence ratio as a function of
u5|.ng the Nernst equation m.t € usua mar?ner' A POt of t %\If Shown are the meah SE from four incubations at each concentration
ratio fluorescence measured in the suspension of mitochondri dinitrophenol. In all subsequent experiments, this standard curve can be
versusAV yields a standard calibration curve. used to monitoAW provided that the same protein and dye concentrations
The calibration curve in Fig. 6 was obtained usinga® used. In this exampla¥ can be calculated from the fluorescence ratio
0.33uM TMRM and 0.25 mg/ml mitochondria. This curve USing the equation ak¥" = 171.9 (573/546 ratioy- 26.2.
can then be used to estimatéV under other conditions,

provided that the concentration of mitochondria and TMRM ) ) )
used in the standardization procedure is maintained. Thigerfused and loaded with TMRM by recirculation of 20 ml

latter point deserves emphasis since the concentration &uffer containing 0..uM TMRM for 5 min. This procedure
mitochondrial protein significantly alters the degree of light Was sufficient to increase the fluorescence of the heart

scattering by the sample, and it will affect the fluorescence™ 0-fold above background levels. TMRM loaded rapidly

signal strength. As discussed below, it also affects th@nd was well retained upon switching to a control buffer not
relative distribution of the dye across the inner membrane.
As an alternative method, calibration of the ratio fluores-

(=]
fluorescence ratio Sl
With knowledge of the partition coefficients (Table 1), the § s
excitation intensity ratio signal can be calibrated to deter- i
mine AW. Media containing 0.334M TMRM was used. 807
Before the addition of mitochondria, the fluorescence inten-3 .

cence signal can be accomplished without determination of the 1.0 -
binding coefficients. In this case, mitochondria must be incu- 008 1180 g
bated with the fluorescent indicator under conditions in which 5:‘5 06k 1440 g
AV is determined by other means. TA&, as measured by © T T ] §
another method, is then plotted as a function of the fluores- © 0.4 1100 ¢
cence ratio to obtain a calibration curve. It should be empha- 2 ol ADP - ADP g
sized, however, that the calibration of the fluorescence ratio ' T Wito chcp 1% §
using any method is sensitive to several variables, including 0.0" : ‘ ‘
. , . . 0 2 4 6 8 10

the mitochondrial protein concentration and temperature. Minutes

Fig. 7 illustrates the measurement af¥ in isolated

mitochondria using this method. Shown is the effectd  FIGURE 7 MonitoringAW with TMRM during ADP-stimulated respi-

caused by the stimulation of respiration with a Iimiting ration. Mitochondria (0.25 mg/ml) were incubated with 10 mM glutamate,

amount of ADP. 5 mM malate, and 0.33&M TMRM. Fluorescence at 546 and 573 nm
excitation was monitored using an emission wavelength of 590 nm. The
experiment was initiated by the addition of mitochondria to the cuvette

A containing TMRM and substrates. At the indicated times, ADP (0.17 mM,
TMRM surface fluorescence in the perfused heart final conc.) and CCCP were added (@.51). AW was calculated from the

observed 573/546 fluorescence ratio as described in Results and in the

Rat hearts were perfused and loaded with TMRM to deterTegend to Fig. 6. Note that addition of mitochondria immediately caused a

_mine Whether spectral changes ir.‘ TMRM could be observedavelength shit due to mitochondrial accumulation and that ADP addition
in the intact heart upon alterations i\W. Hearts were caused a transient decreaseA due to stimulated phosphorylation.
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containing TMRM. Following loading, leakage of TMRM study using procedures previously established for the non-
from the heart was<5%/h. fluorescent indicator TPP. With these binding parameters,

To evaluate the use of TMRM in the heart, the surfacethe matrix concentration of free dye can be determined from
fluorescence of dye-loaded hearts was determined. Thihe difference between the total dye concentration and the
wavelength for excitation was varied from 537 to 582 in media concentration at equilibrium. This is used to establish
3-nm increments while monitoring the emission at 610 nm.an empirical calibration curve between the shift in the ratio
We found that either perfusion with no added substrate oof fluorescence excitation energy an®. As indicated in
the addition of 50uM dinitrophenol did not alter the exci- Table 1, the binding of these dyes to mitochondria is sig-
tation spectrum of TMRM in the heart when compared tonificant. The value forK; for TMRM at 28°C was 33,
the spectrum obtained by perfusion with 5 mM pyruvate.indicating that the total amount of TMRM in the matrix
These spectra were compared to the excitation spectrum gpace would be-33-fold higher than the amount predicted
TMRM dissolved in the perfusate buffer. We found that all from the direct application of the Nernst equation in the
the spectra obtained from the heart were red-shifted to thebsence of binding (see Eq. 1).
same extent relative to the spectrum obtained from the Although this method describes the use of a fluorescence
perfusate (not shown). Perfusion with no substrate and/oratio, the same calibration procedure can be employed using
with 50 uM DNP are conditions expected to decreasE  a single excitation and emission wavelength. In this in-
markedly. These data illustrate that the wavelength shift ostance, it would be preferable to use the excitation wave-
TMRM caused by mitochondrial accumulation (Fig. 2) doeslength of 546 nm since it is more sensitive to changes in the
occur in the heart, but it is independent of dye localizationdistribution of TMRM than 573 nm (Figs. 2 and 3). We
between the mitochondrial matrix and the cytosol, indicat-employed a fluorescence ratio since this would make the
ing that this ratiometric approach cannot be used in the hearhethod inherently more sensitive than using a single exci-
in situ. Perfusion of hearts with no substrate and/or with 5Qation and emission wavelength. As shown in Fig. 3, the
M DNP also did not cause a change in the absolute valueshanges in fluorescence properties caused by decreasing
of fluorescence measured at these wavelengths (not showdW with DNP addition caused a 2.1-fold change in the
In other experiments with 5AM CCCP, the tissue TMRM 573/546 ratio, but only a 50% change in the absolute fluo-
fluorescence decreased markedly due to washout from theescence measured at 546 nm. The use of a ratio signal also
heart, but there was no change in the fluorescence excitatidowers errors arising from drift in either the excitation
ratio. energy of the fluorometer or the gain of the emission de-
tection system.

To use this method in estimation &fP’, however, several
factors must be taken into account. A change in the protein
DISCUSSION concentration will disturb the distribution ratio of the indi-
The method used to determind@ described in this work is  cator across the mitochondrial inner membrane, and hence
based on the observation that R123, TMRM, and TMRE arehe observed fluorescence ratio. This effect can be illus-
accumulated within the mitochondrial matrix in accordancetrated by graphing an extension of the relationships describ-
to the Nernst equation, and that the fluorescent properties afig mitochondrial accumulation that were presented in Re-
the dyes are altered upon mitochondrial accumulation. Theults. Fig. 8 illustrates the fraction of the total dye that is
major changes in the fluorescent properties of these indicgresent in the media at equilibrium after mitochondrial
tors upon mitochondrial accumulation include a fluores-uptake, as a function of protein concentration and\df.
cence quenching and a red shift in the wavelength of maxThis fraction,f, is
imum excitation and emission energy. Because of these
changes, the degree of mitochondrial dye accumulation can f= (TMRM)/(TMRM); (8)
be determined by monitoring the fluorescence. If the extenfyhere (TMRM) equals the initial total concentration of
that these indicators bind to mitochondria is known, theTpRrM in the media (in units of nmofl). This fraction can
distribution of free indicator across the mitochondrial mem-pe calculated from the fact that the total amount of dye
brane can be estimated for measurementAdf. This  added initially is distributed between mitochondria and the
method has its foundation in the quantitation of the Nernmedia at equilibrium, as
stian distribution of an indicator across the mitochondrial
membrane, although the calibration procedure using a flu- 1000(TMRM); = [TMRM]; + 1000(TMRM),  (9)
orescence r.at|0. Is largely gmpmcal in design. Nonetheless here P represents the protein concentration (in units of
the method is simple and direct and can be easily employe : .

; . . g/ml). The equation for [TMRM]described above (Eq. 1)
using a standard fluorometer. This method alleviates the b bstituted into this equation to calculétehe
difficulty in using either electrodes or radioactive tracers tofcan_ € su quation ‘o .

. A . " . ractional amount of the dye remaining in the media at
estimate the distribution of lipophilic cations, such as TPP, .. . . o
. equilibrium. This relation is
in the measurement aW.

The partition coefficients for mitochondrial binding of f= 1000[(PK,) + (PZK) + (V,P2) + (PV,,) + 1000]
TMRM, TMRE, and R123 have been determined in this (20)
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ing effects in the measurement of fluorescence. These ef-
fects contribute to a lowered signal strength and an in-
creased background signal. The sensitivity of a particular
fluorometer to these effects should also be examined when

«©
g
(o4
=
o . . . . . .
= 0.6 ‘ ‘ using mitochondrial protein concentrations higher than
x 0\ “ 9 ! ‘ ~0.5 mg/ml.
Z 04 “‘ “ (\ The sensitivity of the method is less dependent on the
S “ ‘\“‘ ‘ “‘ initial concentration of TMRM. The relationship between
° 0.2 ““““\\‘\\‘“““‘ mitochondrial protein concentratiod¥, and fraction up-
0o ““\“‘\\‘\\M‘ take of TMRM shown in Fig. 8 is independent of the initial
30 ~ t“““‘:“&é 0.0 dye concentration. As the initial concentration of dye is
g, 609 SIS 05 o increased, the media concentration at equilibrium is ex-
e @ ted to ch i llel with th t iated with
or, ) A\ pected to change in parallel wi e amount associated wi
"y 180 2.0 _\\0‘00“ mitochondria. As shown in Fig. 1, the proportion of dye

taken up by mitochondria as the dye concentration is in-
FIGURE 8 Effect ofA¥ and mitochondria concentration on the uptake creased is a constant. ThIS IS not the_ case, however’_ When
of lipophilic cations by mitochondria. The relative uptake of a lipophilic the total _dye concentration regches higher values. Th|3 lin-
cation was calculated based on the model in which mitochondrial binding2ar relation breaks down at higher dye concentrations be-
can be estimated by the partition coefficieits and K;. Shown is the  cause there is a limited ability of mitochondria to accumu-
theoretical uptake_ of TMRI_\/I_at 28 C, plott_ed as the fra_ctlon of the total late these indictors. The use of TMRM concentrations
TMRM concentration remaining in the media, as a functiod®f and of higher th th d in th . t sh in Fig. 1
the mitochondria protein concentration. The equations for these calcula—Ig er than those used In the experiment shown in Fig.
tions are presented in the text. would have caused the curve to bend downward. We found
that at resting membrane potentials, this relation was linear
only with use of initial media concentrations of TMRM

whereZ represents the relation shown in EqZis calcu- below ~0.4 uM using 0.25 mg/ml mitochondria. After this

lated from the Nernst equations as follows: point, the accumulation of TMRM was less than anticipated
at a given membrane potential. This effect could be due to
Z = 1QATF2303RD (11)  afunctional limitation in the maximal TMRM concentration

. - obtainable in the matrix or to a decreaseAir due to such
whereAW is the membrane potential in volts aRdR, and o : o :
a limitation. This property is identical to what has been

T have their usual meaning. The diagram in Fig. 8 was . .
generated using the binding coefficients for TMRM at 28°Cobserved in the study of TPP accumulation by Rottenberg

shown in Table 1 (1984). Experimentally, this linearity can be extended to

Note that at low concentrations of mitochondria, agreatep'gher .concent.rat|ons of TMRM by Increasing the mito-
fraction of the available dye remains in the media and is no{:hondrlal protein concentration (pot showp), n gffect low-
taken up by mitochondria. Higher valuesio¥ are required ering the dye content per mg mitochondria. This observa-
for dye uptake as the protein concentration is lowered. Thidlon further supports the view proposed by Rottenberg
would suggest that at low concentrations of mitochondria(1984) that mitochondria can accumulate a limited quantity
protein, this method would be less sensitive to changes iff dye before either disruption ofW or the dye being
AW. It is reasonable to assume that the sensitivity of thidinable to faithfully indicateA. As discussed by Rotten-
method can be predicted by the slope of the fractionalPerg, this I|m|tat.|on is to be expectgd conS|de-r|ng the high
uptake as a function oAV since the distribution of the degree ofAW-driven accumulation in the matrix space. In
indictor between the mitochondria and media leads to th@ractice, the lack of an effect of the indicator & should
observed changes in fluorescence intensities (Fig. 2). Thu§€ checked by testing the linearity of the amount of dye
TMRM would not be well suited to discriminate between accumulated by energized mitochondria as the initial con-
low values of AW when the mitochondrial protein concen- centration is varied, as shown in Fig. 1.
tration is also low. This analysis also predicts that high The use of TMRM and TMRE as indicators of mitochon-
values of A¥ cannot be measured accurately using mito-drial membrane potential has become more popular largely
chondrial protein concentratiorrss1 mg/ml. because of claims that, unlike tetraphenylphosphonium,

In determining the concentration of mitochondria to usethese indicators do not exhibit appreciable binding to mito-
with this method, there are additional factors that requirechondria (Loew et al., 1993; Farkas et al., 1989). These
consideration. As the mitochondrial concentration is de-indictors have been used to directly determin in video
creased, these dyes cause a greater inhibition of respiratioimages of cells using the observed ratio of intensities be-
This is not factored into the theoretical treatise of thetween mitochondria and cytosol. These estimates were per-
indicator distribution shown Fig. 8. An additional consid- formed without correction for fluorescence quenching or
eration is the fact that an increase in mitochondrial proteirmitochondrial binding. It was assumed that these indicators
concentration causes added light scattering and inner filtedid not exhibit mitochondrial binding because the mito-
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